SuMmARY The maximal rate of progression of ST segment depression relative to increases in heart rate (maximal ST/HR slope) has recently been shown to be an accurate index of the presence and the severity of coronary heart disease in patients with angina. The value of this new exercise test was assessed in patients undergoing aortocoronary bypass.
A new non-invasive exercise test has been developed in which the maximal rate of progression of ST segment depression relative to increases in heart rate during exercise (the maximal ST/HR slope) was used as an index of ischaemia, particularly in coronary heart disease.' 2 Several trials have shown that the maximal ST/HR slope can be used accurately to detect the presence or absence and the severity of coronary heart disease in individual patients with angina; a brief review which included data from 230 patients has been published. 3 In the present study the use of the new test was extended to patients undergoing aortocoronary bypass surgery in an attempt to detect improvement in coroRequests for reprints to Professor R J Linden, Department of Cardiovascular Studies, University of Leeds, Leeds LS2 9JT.
Accepted for publication 18 October 1983 nary blood supply or any obstruction in the vein graft. The results obtained using the new test were compared with those of coronary arteriography independently assessed.
Patients and methods
Forty six consecutive patients who presented with angina pectoris and were referred for exercise studies before and after aortocoronary bypass surgery were included in the present study. Of the patients considered for the study, none was unable to complete the exercise test. For the purpose of the present study the exclusion criteria used at the various stages of selection of the patients were as follows. At the stage of consultancy by the clinical consultant and before referral for the exercise test patients with hypertension, heart failure, cardiac arrhythmias, and valve dis-STIHR relation after bypass surgery ease were excluded from the trial as were patients taking digoxin or calcium antagonists. A decision was also made to exclude patients subsequently shown to have a left ventricular aneurysm evident on left ventriculography. Patients taking beta blocking drugs were not excluded from the study since beta blockade does not affect the maximal ST/HR slope. 4 At the stage of referral for coronary arteriography patients who had responded to medical treatment were excluded. At the stage of referral for aortocoronary bypass surgery patients in whom the lesions defined by coronary arteriography were considered by the cardiac surgeon to be unsuitable for any operative intervention were excluded. After surgery only survivors could be considered for the study, and no other selection criteria excluded patients from consideration for postoperative exercise test and angiocardiography. Throughout these stages, patients were not excluded on the basis of residual electrocardiographic evidence of myocardial infarction either before or after surgery.
EXERCISE TEST
The exercise test was performed before aortocoronary bypass surgery and at least twice afterwards, at three and six months. The results were analysed without knowledge of the angiographic findings or details of the surgical procedure. The patients attended the laboratory at least two hours after the last meal and were exercised in the upright position on an electrically braked bicycle ergometer (Elema Schonander, type 380); the protocol has been reported in detail. ' 2 Briefly, in each patient the test was preceded by a recording of the resting electrocardiogram in the supine and upright positions before and during hyperventilation and during a short preliminary exercise to determine the step increases in workload necessary to obtain step increases in heart rate of about 10 beats/min. After a suitable rest period (heart rate down to within 5% of previous control) the workload was increased in these steps at three minute intervals. The test was terminated for any of the following reasons: presence of anginal pain, occurrence of severe ST depression (more than 0 3 mV), an incidence of more than six multifocal ventricular extrasystoles, tachyarrhythmias, a decrease in blood pressure, or exhaustion of the patient.
The electrocardiogram was recorded from 13 leads-12 conventional leads and a bipolar lead (CM5)-using an ink jet recorder (Mingograph 62; Siemens) as described' 2 and calibrated in the usual manner; a 1 mV signal caused a displacement of 10 mm. Records were obtained at a paper speed of 25 mm/s for each lead before exercise, during the last minute of each exercise step, and for at least five minutes after cessation of exercise. The electrocardiogram was monitored continuously during the test, 387 and the systolic blood pressure measured during the last minute of each step as well as before and after exercise.' 2 The values for heart rate and ST displacement used in this study were taken as the mean of values measured in at least 10 consecutive cardiac cycles and were obtained from the records of all 13 leads. The displacement of the ST segment was measured at a point 80 ms after the end of the QRS complex; a line drawn in each cardiac cycle between consecutive PR segments was taken as zero reference for the measurement of ST segment displacement.
Using the values of the depression of the ST segment below the zero reference and the heart rate during exercise the maximal ST/HR slope was derived as previously described.2 This slope represents the steepest slope of all the regression lines which show a linear relation (between the heart rate and depression of the ST segment) obtained from the 13 leads. The maximal ST/HR slope thus indicates in each patient the maximal rate of development of ST segment depression with respect to the increase in heart rate during exercise and has the units mm. beats-'. min.
10-3.

ANGIOCARDIOGRAPHY
Coronary arteriography and left ventriculography were performed in the usual manner before operation. These procedures were repeated six months postoperatively as part of the ongoing examination of patients undergoing aortocoronary bypass surgery. In all the patients in whom comparisons between the results of angiocardiography and the exercise test were made, whether in the preoperative or the postoperative period, the exercise test was performed within one week of angiocardiography. The results of angiocardiography were assessed and documented without knowledge of the results of the exercise test.
Classification ofpatients
Narrowing of the coronary artery was assessed as previously describedl 2; significant coronary artery disease was defined as >75% luminal narrowing in the diameter of the artery.2 The narrowing of any lesion of a major coronary artery was estimated at its narrowest point and expressed as a percentage of the proximal segment of the vessel considered to be normal or least affected with disease. Narrowing of the aortocoronary bypass graft was assessed as the percentage reduction in the diameter of the stenosed part relative to the diameter of the nearest normal segment; narrowing of 75-1000/%--that is, narrowing >750/6-in diameter was considered significant. Using such definitions the patients were classified angiographically through joint assessments by the cardiologists (JBS, RMB) and the radiologists. Percentage narrowing was assessed by visual impression of the lesions (Table 2) , and the maximal narrowing in any coronary artery was only 35% (mean; range 0-50%). Five patients had one vein graft each, two patients had two grafts, and one patient had three vein grafts; all the 12 vein grafts were patent and the maximal stenosis in any of these 12 grafts averaged only 33-3% (range 0-50%).
A further 16 of the 26 patients had single vessel disease (Table 2 ). There was one significantly diseased coronary artery which remained ungrafted in each of six patients and one significantly narrowed vein graft in each of the other 10 patients ( Table 2) .
Preoperative data The number of significantly diseased coronary arteries was correctly detected by the maximal ST/HR slope in each of the 46 patients. The ranges of the maximal ST/HR slope for each of the three groups with single, double, and triple vessel disease, as shown by coronary arteriography, fell within the ranges previously reported in the series of 230 patients.3 There was no overlap between the ranges of the maximal ST/HR slope between the three groups of patients (Table 3) , and the slopes were significantly different (p<0.0005) from each other.
Postoperative data At six months after operation the maximal ST/HR slope was compared with the results of angiocardiography in the 26 patients. Eight patients had no significant vessel disease, 16 single vessel disease, and two double vessel disease (Table 3) .
For each of the three groups of patients the ranges of the maximal ST/HR slope (Table 3) were within the ranges previously reported in 230 patients with angina3; there was no overlap in the ranges of the maximal ST/HR slopes between the eight patients with no significant vessel disease, 16 patients with single vessel disease, and the two patients with double vessel disease (Table 3) . Thus the maximal ST/HR slope detected the presence or absence and the number of significantly diseased vessels in each of the 26 patients in the postoperative period.
Thus in a total of 72 tests performed before and after operation the maximal ST/HR slope accurately detected, without false results, the presence and the severity of coronary heart disease, as determined by angiocardiography in each of the 46 patients. (Fig. la) . The values of the maximal ST/HR slope changed from one range of significantly diseased vessels to another either with a smaller number of significantly diseased vessels, which remained ungrafted, or with no significant vessel disease. The reduction in the value of the slope precisely followed the number of the patent vein grafts. Of the 26 patients, 14 had patent vein grafts (Fig. la) , 10 patients each had one significantly stenosed vein graft, and two patients each had two significantly stenosed vein grafts (Fig. lb) . Of the 14 patients with patent vein grafts, six had significantly stenosed coronary arteries which were not bypassed (Fig. la) . Looking at the group of 26 patients as a whole the magnitude of reduction in the maximal ST/HR slope showed statistically significant correlation (n=26; r=0-80; p<0001) with the number of patent vein grafts used to bypass significantly diseased coronary arteries.
ASSESSMENT OF RESULTS OF AORTOCORONARY BYPASS
Comparison of STIHR slopes with details of bypassed vessels
The values of the maximal ST/HR slopes before and three months after operation were compared in each of the 46 patients. In each patient the maximal ST/HR slope was lower after operation than before; at three months after operation the slopes of 12-75 mm. beats-'. min. 10-3 (mean; range 4.0-21-6) were significantly lower (p<0-0005) than those of 50*55 mm. beats-'. min. 10-3 (mean; range 13.0-119. 1) beforehand. There was a significant correlation (r=0*76; p<0-001) between the number of significantly diseased coronary arteries bypassed and the magnitude of reductions in the maximal ST/HR slope-that is, the reductions in the maximal ST/HR were greater the larger the number of bypassed significantly diseased coronary vessels.
ASSESSMENT DURING POSTOPERATIVE PERIOD
The value of the maximal ST/HR slope in the follow up (before six months) of changes in the severity of coronary heart diseare was assessed in the 26 patients who had a repeat angiocardiography at six months after operation. The maximal ST/HR slopes obtained during the period from three months to six months after operation were considered in each of the 26 patients even though no angiocardiography was performed during the period. It was possible then to relate any changes to the subsequent findings of angiocardiography at six months (Figs. 2a and b) .
Thus in the 14 patients without significant stenosis of the vein grafts (Fig. 2a) patient are shown in Fig. 2a ; six of the 14 patients had significantly diseased coronary arteries which were not bypassed. Twelve of the 26 patients had significant stenosis of at least one vein graft (Fig. 2b) . In five of the 12 patients there was an increase in the maximal ST/HR slope over the period three months to six months after operation suggesting the development of single vessel disease; in each of these patients the maximal ST/HR slope increased from the range of no significant vessel disease to that of single vessel disease, and each patient was shown by angiocardiography at six months after operation to have significant stenosis of one vein graft. In these five patients the increase in the maximal ST/HR slope averaged 104 mm. beats-'. min. 10-3 (range 6-6-13-0). In two of the 12 patients there was an increase in the maximal ST/HR slope which indicated the development of double vessel disease; in each of the two patients the maximal ST/HR slope increased from the range of no significant disease to that of double vessel disease (Fig. 2b) , and each patient was shown by angiocardiography at six months after operation to have significant stenosis of 391 two vein grafts. In the two patients the maximal ST/HR slope increased by 24-1 and 33.1 mm. beats-'. min. 10-3 respectively. In the remaining five of the 12 patients the changes in the maximal ST/HR slope, which averaged -2.36 mm. beats-'. min. 10-3 (range -4*9 to + 1.2), were less than the equivalent of single vessel disease (Fig. 2b) suggesting that significant stenosis of the vein graft did not occur during the period between three months and six months after the operation-that is, significant graft stenosis occurred during the three months after the operation.
Repeated measurement of the maximal ST/HR slope, therefore, successfully detected the development of significant stenosis of vein grafts. In this context the follow up of the maximal ST/HR slope during the postoperative period in two of the 12 patients deserves a further mention. In the two patients (Fig. 2b ) the maximal ST/HR slope was, in addition, obtained at the fifth month after operation; the values of the maximal ST/HR slope in these two patients were 12.0 and 12.1 mm. beats-'. min. 10-3-that is, in a position between the limits of the ranges of no significant disease and single vessel disease, but no angiography was available at this time. When these two patients were examined by angiocardiography, however, the value of the maximal ST/HR slope showed an increase from a position between no significant disease and single vessel disease at five months to within the range of single vessel stenosis at six months after the operation (Fig. 2b) .
Discussion
Many functional indices of the presence and severity of coronary heart disease have been used to assess the effects of aortocoronary bypass on the severity of the disease. These indices have involved the use of estimates of left ventricular function by cardiac catheterisation and angiocardiography5-9 and assessment of coronary heart disease or left ventricular function by radionuclide imaging'0-'6 and exercise testing; the use of exercise tests is pertinent to the present study and will be considered in some detail.
EXERCISE TESTS
Many types of exercise tests, which include electrocardiographic recordings, have been investigated in attempts to provide indices of the presence and the severity of coronary heart disease'7-25 Those tests have, however, been designed to rely on indices obtained at the end of the test which is in itself subjectively determined, and none has been shown to be accurate enough for use in detecting the presence or the severity of coronary heart disease in individual patients.3 [17] [18] [19] [20] [21] [22] [23] [24] [25] In particular, after aortocoronary bypass patients are basically more likely to have single 
disease than triple vessel disease. In such patients, those reported exercise tests would be inaccurate; a higher incidence of false negative results is obtained in patients with single or double vessel disease than in patients with triple vessel disease.20 21 While reported exercise tests have indicated in groups of patients that aortocoronary bypass improves the blood supply to the myocardium,242627 an exercise test is required which is at least capable of detecting the presence and severity of coronary heart disease in every patient and then to provide an accurate and quantitative index of the degree of severity of coronary heart disease.
MAXIMAL ST/HR SLOPE
In the present study the maximal ST/HR slope was used as an index of the presence and the severity of coronary heart disease, because unlike all the other previously reported exercise tests it has been shown to fulfil the criteria for accuracy of detecting the disease in individual patients. For instance, firstly, in patients with anginal pain the maximal ST/HR slope accurately detected the presence or absence and the number of significantly diseased coronary arteries as shown by coronary arteriography; the details of 230 such patients have been published3; there were no false negative and no false positive results, and a definitive test result was obtained in every patientthat is there were no indeterminate test results. In a reproducibility study the maximal ST/HR slope was obtained twice within one week in each of 50 patients.3 The 95% tolerance limits, with 95% confidence intervals, of the difference between the two measurements were ± 1-9% indicating very little variability in the measurement; this small variability makes the index suitable for showing small changes in the degree of severity of coronary heart disease. Secondly, the accuracy of the slope in detecting the absence of significant coronary artery disease and the presence of single, double, or triple vessel disease was not influenced by factors such as the presence of hypokinesis of the left ventricle, the dominance of the left coronary system, a history of myocardial infarction, beta blockade, the value of the resting heart rate or blood pressure or their changes during exercise' Also there were no differences in the maximal ST/HR slope when measured before and after beta blockade in the same patient.4 Thirdly, in a trial in patients undergoing percutaneous luminal coronary angioplasty preliminary results have shown that the maximnal ST/HR slope was lower after successful dilatation of the significantly narrowed coronary artery than before and that only a reduction of the narrowing from significant to insignificant resulted in a reduction in the value of the maximal ST/HR slope by the equivalent of "single coronary artery disease".28 PRESENT STUDY That the maximal ST/HR slope is an accurate index of the presence and severity of coronary heart disease was further confirmed in the present study. Before aortocoronary bypass the maximal ST/HR slope detected with no false results the presence and the number of significantly diseased coronary arteries in each of the 46 patients. After operation again the maximal ST/HR slope detected, without false results, the absence of coronary heart disease and the presence of single or double vessel disease in each of the '26 patients examined. Therefore, in a total of 72 tests in the 46 patients the maximal ST/HR slope accurately detected, with no false results, the presence and severity of coronary heart disease as determined by angiocardiography.
Accepting the evidence previously reported3 and that in the present study, that the maximal ST/HR slope is an accurate index of the presence and severity of coronary heart disease, the present results show that aortocoronary bypass caused a reduction in the degree of severity of coronary heart disease. In each of the 46 patients the maximal ST/HR slope was lower after operation than before. Also the degree of reduction of the maximal ST/HR slope by the operation was determined by the number of narrowed coronary arteries which were successfully grafted. In particular, in any given patient successful grafting of a significantly diseased coronary artery was detected by the magnitude of reduction of the maximal ST/HR slope-that is, reduction in the degree of severity of myocardial ischaemia by a value equivalent to that of "single vessel disease".
In the patients in whom the grafts were patent and there was no significant disease in the other ungrafted coronary arteries aortocoronary bypass resulted in the restoration of adequate coronary blood supply to the myocardium; in eight patients the maximal ST/HR slopes, derived during the stress on the heart by exercise, showed values indicating insignificant coronary artery disease.
The findings of the present study have also shown that the measurement of the maximal ST/HR slope in patients who have undergone aortocoronary bypass provides quantitative means of assessing the changes in the severity of coronary heart disease during the period after operation. During the first six months after operation the present findings showed that the increase in the maximal ST/HR slope was associated with the occurrence of significant stenosis. For instance, firstly, in patients with an increase in the maximal ST/HR slope by the equivalent of "single vessel disease" angiocardiography showed the presence of significant stenosis in one vein graft (Fig. 2b) fact that the flow in the vessels is inversely related to the fourth power of the radius; a very small decrease in the luminal diameter in the range beyond 70-75% constriction results in dramatic sudden reduction in blood flow which is very much greater than that occurring when the increase in constriction is in the range from 00/% to 70%. Thus while insignificant coronary stenosis could lead to some degree of myocardial ischaemia, that caused by significant stenosis is much more severe.3 Little time, in terms of months, would be spent at or 393 around this critical diameter; the progression from a small limitation to flow to a great limitation to flow would be short and therefore unlikely to have been appreciated in our previously reported studies. 2 The design of the present study allowed repeated measurements of the slope at short intervals in patients, in some of whom the vein graft was subject to a relatively rapid process of narrowing. In the event, in two patients examined five months after operation the maximal ST/HR slope fell between the limits of no significant vessel disease and single vessel disease. At six months after operation-that is, within a month of the previous measurement-the maximal ST/HR slope became well within the limits of single vessel disease; in these two patients angiocardiography performed within the week after obtaining this slope showed significant stenosis of the vein graft. Such a course of events suggests that stenosis of the graft had developed over a short period of time, in terms of weeks rather than months, although this contention could be tested adequately in only a larger study designed for such a purpose.
The present findings show that the new test could be useful in patients who have undergone aortocoronary bypass because it has been estimated from prospective studies that only about 33-55% of such patients become asymptomatic and that only half of such patients have an uneventful course up to seven years after operation.31 Thus, as shown in this study, the maximal ST/HR slope would be useful in such patients reliably to detect the presence and severity of coronary heart disease whether it is caused by occlusion of the graft or significant disease of the coronary arteries. In addition, the present findings suggest that the serial measurement of maximal ST/HR slope, when taken in combination with the results of preoperative angiocardiography. and the operative details, could provide information on significant graft stenosis early after operation. For instance, as shown in this study, the knowledge of absence of detectable narrowing of coronary vessels which remain ungrafted-the grafting, for example, of another coronary artery which postoperatively is accompanied either by a value of maximal ST/HR slope indicating significant vessel disease or by the increase of the maximal ST/HR slope from the range of insignificant vessel disease to significant vessel disease early after the operation-would indicate occlusion of the vein graft. It has been shown that there is in every patient a small but definite risk of occlusion of the vein graft; for example, data from the Montreal Heart Institute have shown that 7-15% of vein grafts become occluded within one month and 10-25% become occluded within 12 months. After the first postoperative year the attrition rate of grafts is about 22r/o per year. [32] [33] [34] In conclusion, the maximal ST/HR slope obtained
